rion diseases are transmissible neurodegenerative diseases that include scrapie, bovine spongiform encephalopathy (BSE), and Creutzfeldt-Jakob disease (CJD). During prion infection, the normal, cellular form of the prion protein (PrP C ), a conserved host-encoded glycoprotein, undergoes a posttranslational conversion to a disease-specific, protease-resistant and detergent-insoluble isoform, PrP Sc , which accumulates within the central nervous system (CNS; refs. 1 and 2). The function of PrP C remains unknown, and initial studies with PrP-deficient (Prnp 0/0 ) mice failed to reveal any abnormalities (3, 4). Subsequently, late-onset ataxia associated with loss of cerebellar Purkinje cells was described in two independently generated Prnp 0/0 lines, Ngsk (5) and Rcm0 (6, 7).
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These seemingly disparate observations were interpreted as evidence that PrP might have a role in the long-term survival of Purkinje neurons (8) but were later resolved with the discovery of Prnd, a PrP-like gene situated 16 Kb downstream of the Prnp gene (7) that codes for doppel (Dpl). The levels of Dpl mRNA are very low in the CNS of normal adult mice and ZrchI mice, in contrast to elevated levels in the Ngsk and Rcm0 lines. These findings suggested that an increase in Dpl mRNA levels was an unexpected consequence of the targeted inactivation of the Prnp locus, and that the loss of Purkinje neurons and ataxia in Ngsk and Rcm0 mice were caused by Dpl overexpression.
Because we were unable to exclude dysregulation of other neighboring genes contributing to the ataxic phenotype in the Ngsk and Rcm0 Prnp 0/0 lines (9, 10), we introduced a Dpl transgene into the ZrchI mice. The transgenic (Tg)(Dpl)ZrchI mice overexpressed Dpl at levels of one to eight times those found in wild-type (wt) mice and developed severe neurodegeneration and ataxia with an age of onset inversely proportional to the level of Dpl expression, arguing that the Dpl protein is highly neurotoxic. Because the phenotype of Ngsk mice could be rescued by coexpression of wt PrP (11), we introduced a wt PrP transgene into the Tg(Dpl)ZrchI animals. Coexpression of PrP resulted in the phenotypic rescue of mice expressing high levels of Dpl in the CNS. These observations argue that interactions between the PrP C and Dpl proteins can occur under certain circumstances. ISEL was performed as described (19) . The DNA-strand breaks were identified by using the terminal deoxynucleotidyl transferase with fast red as the substrate.
Dpl Polyclonal Antisera Production. A bacterial construct for the expression of MoDpl 26-155 in the expression vector pET11d (Novagen) was generated by standard procedures. Subsequent to transformation into E. coli BL21(DE3) cells, fermented cultures were processed in a microfluidizer, recombinant (rec) Dpl was purified on a Vydac C4-HPLC column, and peak fractions were lyophilized. Rabbits (Western Oregon Rabbit Company, Philomath, OR) were immunized and boosted with 200 g of SDSdenatured murine recDpl RIBI suspension in PBS. Bleeds were assessed by SDS/PAGE and compared with testes and brains from wt FVB/N animals, as well as to brains from Rcm0 animals.
Detection of Dpl and PrP. Detection of Dpl and PrP in 50-g crude tissue homogenates (unless otherwise noted) was performed according to standard procedures. We used anti-Dpl(26-155) polyclonal antiserum E6977 (1:1,000) and horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG (Amersham Pharmacia; 1:5,000) for Dpl detection, the 3C5 monoclonal antibody (Chemicon; 1:5,000) with a secondary anti-mouse IgG (1:5,000) for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) detection. We used mAb D13 (1 g/ml) and HRPconjugated goat anti-human IgG F(abЈ) 2 fragment (ICN; 1:5,000) for PrP detection.
Results
Dpl Expression in wt and PrP-Deficient Mice. By using an anti-mouse Dpl polyclonal antiserum raised against recDpl 26-155, strong staining was seen in the testis (Fig. 1 ), but expression was not detectable in other tissues of wt mice (data not shown). We showed previously that Dpl mRNA levels were increased in the brains of the Ngsk and Rcm0 Prnp 0/0 mice, which developed ataxia and Purkinje cell loss (7) . These brains stained intensely with the Dpl antiserum, whereas Dpl was undetectable in the brains of wt and Prnp 0/0 -ZrchI mice (Fig. 1 ). Tg(Dpl)ZrchI lines with high Dpl-expression levels in the CNS had an early onset of ataxia (Fig. 1) . Tg(Dpl)28283/ZrchI had the highest expression level (about eight times that of wt testis) and showed disease at 27 days of age (n ϭ 2), whereas Tg(Dpl)28272/ ZrchI (n ϭ 4) and Tg(Dpl)28275/ZrchI (n ϭ 7) mice had an approximately three to four times Dpl expression and exhibited Fig. 2 ).
Ataxia in Tg Mice
Neuropathology in Tg(Dpl)ZrchI and PrP-Deficient Mice. Neurohistological examination of two Tg(Dpl)ZrchI founders and nine ataxic F1 pups from four other founders revealed severe neurodegeneration restricted to the cerebellar cortex and hippocampus ( Fig. 3 A-C and G-I). Loss of granule cells in both the lateral cerebellar hemispheres and the vermis (Fig. 3 A and B ) correlated with Purkinje cell loss. These observations raise the possibility that Purkinje cell loss is determined in part by the degeneration of granule cells. Also, there was moderate vacuolation of the white-matter tracts and of the deep cerebellar nuclei with focal macrophage infiltration (Fig. 3B ). The nuclei of many granule cells stained for fragmented DNA by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL), characteristic of apoptosis (Fig. 3C ). In the hippocampus of Tg(Dpl)ZrchI high-expressor lines, most pyramidal cells of the CA1 and CA2 regions showed degenerative changes, including bright pink cytoplasms indicative of coagulation necrosis. In all Tg(Dpl)ZrchI lines, GFAP immunohistochemistry revealed that reactive astrocytic gliosis was severe in the cerebellar granule cell layer and was associated with intense Bergmann radial gliosis in the molecular layer ( Fig. 3 G and H) . Astrocytic gliosis also was widespread in other regions of the brain, such as the neocortex, entorhinal cortex, and hippocampus, but to a lesser degree (data not shown). Table 2 ). Mice from the two highexpressor lines survived in excess of 375 days, which is considerably beyond the age of onset of ataxia in their respective parental Tg(Dpl) lines.
No significant pathological abnormalities were apparent in brains from Tg(Dpl:PrP)28275/ZrchI mice killed at 150 days of age (Fig. 4 C and D) ; however, limited neurodegeneration was seen in the cerebellar cortex of Tg(Dpl:PrP)28272/ZrchI mice (Fig. 4 A and B) . Granule cell loss was associated with reactive astrocytic gliosis of the granule cell layer but not with Bergmann radial gliosis (Fig. 4B ). The differences in the ability of PrP to prevent histopathological changes in these two Tg(Dpl:PrP) lines might be related to Dpl-expression levels, as Tg(Dpl)28272 mice express Dpl at slightly higher levels than Tg(Dpl)28275 mice.
Dpl-and PrP-expression levels in the CNS were examined by immunoblotting with Dpl and PrP antisera (Fig. 1) . No effects were observed on the expression levels of either protein when both transgenes were coexpressed. When histoblots were performed on the brains of Tg(Dpl:PrP)ZrchI mice to probe the neuroanatomical distribution of Dpl and PrP expression, no alteration in distribution was observed in mice from either line (data not shown). was inversely proportional to the age of onset of ataxia in Tg(Dpl)ZrchI mice ( Table 1 ). The distribution of Dpl in Tg(Dpl)ZrchI mice observed by histoblotting of brains was similar to that in Ngsk and Rcm0 mice (Fig. 2 I-L ). The Dpl-expression level in Ngsk mice was higher than in the Rcm0 line ( Fig. 1; ref. 7) , which may reflect differences in the structure of the two knockout alleles. The Ngsk line retains a phosphoglycerate kinase (PGK) promoter in the same orientation as Dpl (as part of the PGK/Neo selectable marker within the targeted PrP exon 3) and may lead to higher levels of readthrough transcription into Prnd, whereas the Rcm0 line contains a PGK promoter/hypoxanthine phosphoribosyltransferase minigene in reverse orientation to the Dpl promoter (22) . It is possible that the Prn gene locus harbors complex regulatory signals and that the interposition of heterologous genetic elements readily interferes with this transcriptional regulation. Interestingly, replacement of a PrP ORF with an ORF encoding a tet-dependent transactivator was found to up-regulate chimeric mRNAs encoding Dpl (23) .
The most potent modulator of Dpl-induced ataxia was PrP C expression ( Table 2) . Twelve double-hemizygous mice were generated expressing both Dpl and PrP in the CNS; in all cases, phenotypic rescue of the Dpl-induced ataxia was found. Because levels of Dpl mRNA and protein were unaltered by PrP transgene expression (ref. 7 and this study), our data argue for an interaction between the biological activities of PrP C and Dpl. This conclusion is consistent with observations on Prnp 0/0 -ZrchII mice and mice expressing PrP-derived cosmid vector encoding a tet-transactivator that also favors Dpl overexpression (23) . The genetic background of the mice comprises a third modulator of Dpl-induced ataxia. A large spread in the age of onset of ataxia (370-680 days) was noted for outbred BALB/c ϫ 129/Ola Rcm0 mice (Table 1) , segregating both BALB/c and 129/Ola alleles, whereas in an inbred 129/Ola background, Dpl-related ataxia was apparent with a relatively synchronous onset age of 442 days (Ϯ5 SEM; n ϭ 22; ref. 6) . A recent quantitative trait loci study revealed that prion incubation time is influenced by loci on chromosomes 9 and 11 (24); whether or not similar analyses will identify genes that modify the response to ectopic Dpl expression remains to be established.
Dpl-Induced Neurodegeneration Differs from Prion Disease.
The transgenetic studies reported here distinguish between the diseases caused by two protein products of the Prn gene complex. Our results are of particular interest in view of the structural similarities of two proteins, which exhibit only 25% sequence homology (25) . Dpl, like PrP, is a three-helix bundle protein that is anchored to the cell surface by a glycosylphosphatidylinositol (GPI) moiety (26) (27) (28) . Additionally, NMR structures of recombinant Dpl and PrP are strikingly similar in the globular, C-terminal region of the protein, which is composed of two short ␤-strands and three ␣-helices (25) . The second and third helices of PrP and Dpl are covalently linked by one and two disulfide bonds, respectively. Dpl overexpression was neurotoxic in five lines of Tg(Dpl)ZrchI mice expressing different levels of Dpl. Histoblotting for Dpl provided a remarkably consistent neuroanatomical pattern of Dpl expression within the CNS among multiple lines of Tg(Dpl)ZrchI mice (Fig. 2) . The pattern of neurotoxicity in all Tg(Dpl)ZrchI lines was almost exclusively cerebellar, with the most striking change being the loss of neurons from the Purkinje and granule cell layers. Extensive areas of TUNEL-positive granule cells were apparent in the cerebellum of Tg(Dpl)ZrchI mice, suggesting that many cells were undergoing apoptosis (Fig. 3C) . It is unlikely that this selective pathology is a result of higher Dpl-expression levels in these regions, as histoblotting revealed high Dpl levels in regions devoid of neuronal cell loss (thalamus, corpus callosum, internal capsule, and brainstem). Conversely, the hippocampus, which expresses lower levels of Dpl (Fig. 2 A and C) , exhibited some cell death. Although these observations argue for a selective vulnerability of cerebellar and hippocampal neurons, the widespread reactive gliosis in Tg(Dpl)ZrchI mice indicates that Dpl expression also may be toxic elsewhere within the CNS.
Analyses performed on wt mouse tissues with Dpl polyclonal antiserum E6977 revealed an expression pattern markedly different from that of PrP. Western blot analysis indicated substantial Dpl expression in testis but not in adult brain or many other tissues. In contrast, PrP is expressed in many peripheral tissues and is present in the adult CNS at high levels. We conclude that in instances in which PrP and Dpl gene-expression overlap, e.g., in the testis, perhaps during sperm maturation (29) , interactions between these two proteins may be particularly important. Other studies suggest that PrP C and Dpl are expressed on the surface of different CNS cells even though PrP C can rescue the Dpl-induced cerebellar degeneration (23) . Dpl expressed in the CNS has a more pronounced localization in white-matter tracts than does PrP. Whether the propensity of GPI-anchored proteins to translocate from one cell to another (30) is operative in some rescue studies reported for Dpl and PrP remains to be determined. Although overexpression of wt PrP C causes degeneration of muscle and peripheral nerves (31) , this disease is different from naturally occurring prion diseases that are caused by the accumulation of PrP Sc . Our findings clearly separate the disease paradigms based upon Dpl overexpression, PrP C overexpression, and experimental prion disease.
New Directions in Prion Protein
Biology. Demonstration of an interaction between PrP and Dpl is significant because there is a paucity of evidence that PrP-binding proteins identified in vitro interact with PrP in vivo. Conversely, the genes of some PrPinteracting proteins identified on genetic grounds have yet to be identified, such as protein X (32) (33) (34) . Dpl is noteworthy, as its gene has been cloned and the product interacts with PrP in vivo either directly or indirectly through another protein or a complex of proteins. Identifying the protein or complex of proteins to which Dpl binds and produces neurodegeneration will be important. Whether this protein or a complex is the same as that postulated to mediate the neurotoxicity of N-terminally truncated PrP in Tg mice (35) , which, like Dpl toxicity, can be rescued by wt PrP expression, remains to be established.
The structural similarities of Dpl and PrP, with their divergent sequences, offer an interesting opportunity to create chimeric Dpl:PrP proteins. Determining which regions of Dpl are responsible for neurotoxicity by substituting structurally similar segments from PrP might provide a workable transgenetic approach. However, Tg mouse studies comprise a cumbersome approach to the task of identifying those residues required for Dpl-mediated neurotoxicity. Devising a neuronal cell-culture system to study the mechanism of Dpl-induced neurodegeneration might prove more useful and provide important insights into the molecular pathogenesis of prion disease. No neuropathological changes were apparent in a control brain except for a mild increase in GFAP immunoreactivity in astrocytes (E) and Bergmann radial glia (F), which may be age-related. The bar in F represents 100 m and applies to all panels.
